The 5-year retrospective study of the association between temperature and emergency department (ED) visits for asthma with mean ambient ozone levels between 10:00 and 15:00 was conducted in central New Jersey during the summer months. An association was identified in each of the years (1986)(1987)(1988)(1989)(1990). Between 8 and 34% of the total variance in ED visits for asthma was explained by the two environmental variables in the step-wise multiple regression analysis. ED visits occurred 28% more frequently when the mean ozone levels were >0.06 ppm than when they were < 0.06 ppm. This result was statistically significant in a covariance analysis. An evaluation of the effects of ozone on asthmatics reported in the literature was completed to determine if, as proposed by Bates, the results from different types of studies were coherent among the health metrics. A consistency in the magnitude of reported effects and the time lag between exposure and response for four different health indices (symptom reports, decrements in expiratory flow, ED visits, and hospital admissions) was identified and indicates a coherence between ozone and respiratory response to ozone exposure. This supports a proposition that ozone adversely affects asthmatics at levels below the current U.S. standard. -Environ Health Perspect 103(Suppl 2): 97-102 (1995) 
Introduction
Measured associations between air pollutants and respiratory ailments have led to the establishment of National Ambient Air Quality Standards (NAAQS) for specific pollutants to protect public health. Ozone, an air pollutant found in photochemical smog, still exceeds the current U.S. NAAQS (0.120 ppm for 1 hr not to be exceeded more than once per year) during the summer in large regions of the United States, but the level and form of this standard is under review. Ozone is a lung irritant that affects the respiratory tract and can adversely affect sensitive subpopulations (1, 2) . In addition, the way that ozone initiates or promotes asthmatic attacks has been the subject of recent research and several review papers (1, 3, 4) . Organizations have set different 1-hr ozone air quality standards or guidelines, 445-0116. e.g., United States, 0.12 ppm; Canada, 0.082; World Health Organization (WHO) for Europe, 0.075-0.10 ppm; and Japan, 0.060 ppm. Additionally, the respiratory responses to short-term peak exposures at high concentrations and extended exposures have resulted in recommendations for eight average standards in the United States (5) . This is currently employed by WHO for Europe which has an 8-hr guideline with a range of 0.050 to 0.060 ppm.
Controlled clinical studies have demonstrated that decrements in forced expiratory volume in 1 sec (FEV1), occurred in healthy, exercising adults exposed to ozone concentrations of 0.080 to 0.12 ppm for up to 6.6 hr (6) (7) (8) . When asthmatics and healthy individuals were exposed solely to ozone, changes in respiratory function were similar (9) , but asthmatics who were exposed to ozone and then challenged with an allergen had a greater response than a control group (10) .
Studies have established a relationship between increases of ozone and respiratory function and a variety of asthmatic symptoms. Decrements in respiratory function with increasing ambient ozone levels have been measured in cohorts of active healthy adults (11, 12) , healthy children (13) (14) (15) , and asthmatics (16) (17) (18) (19) . The number of respiratory symptoms reported by asthmatics increased on days when the ozone concentration was high (17, (20) (21) (22) (23) . Further, an association has been identified between ambient ozone levels alone or in combination with acid aerosols and the number of visits to emergency departments (ED) for asthma attacks (24) (25) (26) and the number of hospital admissions for asthma (27, 28) . A few epidemiologic studies have not identified associations between increases in ozone or oxidant concentration and either the reporting of symptoms or visits to treatment centers by asthmatics (29) (30) (31) (32) .
Our previous 2-year study (26) was sufficient to observe a relationship between ambient ozone levels and ED visits by asthmatics. To determine whether this observation was part of a consistent trend, independent of interyear variations in ozone levels and meteorological conditions within a single locale, the present study was undertaken. The present study examined the relationship between ozone concentration and ED visits for asthma attacks in central New Jersey for 5 consecutive years, 1986 to 1990. The results obtained have been used to estimate the relative increase in the number of ED visits by asthmatics associated with increases in the ambient ozone concentrations. The observed consistency in results of this study suggest that an association between ozone levels and various health indices reported in the literature will lead to coherence, as suggested by Bates (33) . This was also examined to identify the plausibility of a cause and effect relationship. 
Statistical Methods
The statistical software package SAS (version 6.07; SAS Institute, Cary, NC) was used to assemble and merge databases and to conduct statistical analyses. To investigate the effects of autocorrelation, all models were run using time series regression (PROC AUTOREG). For each of the years analyzed, the Durbin-Watson statis-2 tic was close to 2 and the r and p values agreed closely, implying that the relationships are not influenced by autocorrelation. The r2 and p values also agreed closely, with the nonautoregressive models. The distribution of ED visit frequencies for all years were similar to those reported in Cody et al. (26) where normal distribution was found to be a suitable model by goodness of fit chi square. Multiple regression analyses were conducted using forward stepwise regression analysis. The number of asthma visits to the ED was used as the dependent variable. Ozone concentrations during the day of the visit; ozone concentrations for the day previous to the visit (lag 24) and for two days previous to the visit (lag 48); the mean, minimum, and maximum ambient air temperature between 9:00 and 15:00; the mean, minimum, and maximum relative humidity between 9:00 and 15:00; and the rate change in the temperature and relative humidity between 9:00 and 15:00 were used as independent variables. The multiple regression analysis was done independently for each year. Analysis of covariance was also conducted using an ozone cutoff of 0.06 ppm and adjusted for temperature to determine if days with higher ozone levels had statistically more ED visits for asthma than days with lower concentrations. The need to adjust for temperature in statistical analyses of the association between ozone and asthma has been previously justified (21, 26, 28) .
Results

General Descriptors
The annual mean, standard deviation, and median of the number of ED visits for asthma, mean A.M. temperature, and mean 1-hr ozone concentrations (between 10:00 and 15:00) are given in Table 3 . A cutoff of 0.06 ppm was chosen since: a) it is the concentration where changes in peak expiratory flow rates were observed (20) ; b) it is the lowest national standard currently enforced; and c) it provides a sufficient number of ED visits in both the above and below cutoff groups to detect statistical differences between two groups. The difference between the mean number of ED visits during the days when ozone exceeded 0.06 ppm was greater than on days when ozone was less than 0.06 ppm for all 5 years (Table 3) .
When all years were combined, a difference of 1.07 visits (5.27-4.20) was calculated which was statistically significant at a p-value of <0.0001. The significant ozone-year interaction (p = 0.0029) indicates that the effect of the ozone level on asthma visits was not homogenous across years, although the direction was for increased visits at higher ozone levels for all five years ( Figure 1 ).
Discussion
The number of visits to ED for asthmatics on days when summertime smog is higher was elevated in central New Jersey for all 5 Thurston et al. (28) . Since the temperature and ozone are highly correlated, the interrelationship between the two is important to decouple when analyzing pollutant health effect associations. Further, some of the variance that our regression analysis attributed to temperature could also be related to the ozone concentration since temperature entered the regression equation first. The analysis of covariance showed a statistically significant difference in the mean number of visits to the ED for asthma on days when the ambient ozone concentration was > 0.06 ppm, when compared to days when the ambient ozone concentration was < 0.06 ppm. Overall, an additional 1.07 visits occurred on days when the ozone was higher than 0.06 ppm, which represents a 26% increase in daily visits.
The observed 26% increase in ED visits for asthmatics on higher ozone concentration days suggests that it may be feasible to examine the relationship of ozone with various health indices of asthma as outlined by Bates (33) . A comparison of reported associations between health indices and ozone are given in Table 4 . The overall relationship observed among the health indices and ozone is consistent with the coherence proposed by Bates (33) , since the number of asthmatics affected was highest for the number of reported symptoms and decrements in measurements of peak flow, intermediate for ED visits, and smallest for hospital admissions. Similarly, the reported time lag between exposure and response increases in the same order. This trend is true even though the studies reported here are for different locations and populations, which would increase the number of confounders. The coherence of the reported exposure/response indices support the hypothesis that ambient ozone levels adversely affect the respiratory tract of asthmatics.
A detailed examination of the studies reported in Table 4 suggests why some studies attain coherence and others deviate from the expected coherence. The studies reporting symptoms and peak flow measurements of asthmatics have largely been done as panel studies. Kurata et al. (29) did not find an association between asthma symptoms and ozone concentration, but no control for temperature was done, which other studies have shown to be an important confounder. Holguin (18) followed 51 asthmatics in Houston and performed a multiple linear regression analysis using asthma attack status as a dependent variable and ozone, nitrogen dioxide, temperature, humidity, pollen, and asthma attack during previous 12-hr period as the independent variables. The risk of attack was found to be positively associated with ozone and inversely associated with temperature. He calculated that a 0.04 ppm increase in ozone levels resulted in an increase in the relative risk of attack by an individual of 1.2 to 2.2, dependent upon that individual's baseline probability of having an attack. Khan (20) followed 80 asthmatic children and observed that number, duration, and severity of asthmatic. attacks were correlated with high ozone levels, with the environmental and meteorological factors accounting for between 5 to 15% of the total variance, but did not calculate a percent increase in incidents. A study in Los Angeles County, California, which examined medication use and peak expiratory flow rates (PEFR) in 83 asthmatics during 230 days, determined a consistent, statistical relationship between ozone concentration and respiratory status in 76% of the subjects and clinically significant response in symptom scores and PEFR predicted by the ozone concentration in 10% of the subjects (16) . This differential (32) . In the studies by Richards et al. (30) and Rennick and Jarman (32) , the effect of temperature on asthmatics was not taken into account. Bates et al. (31) chose to study a region that had ambient ozone levels typically below 0.06 ppm in order to study effects of acidic aerosols on asthmatics in the absence of high oxidant levels.
Comparison of the number of visits to ED for asthma attacks within inner cities on high ozone days with low ozone days has shown statistically significant elevations in Atlanta with a 38% increase on high ozone days (24) . The current study identified a 30% increase in ED visits during a 5-year period. Neither study found a time lag between the day of exposure and the visit to the ED, as suggested by Bates (33) . PonkA (25) found a small increase in ED visits, with an indication of a lag of 24 to 48 hr between exposure and ED visits, but this study was conducted when the ozone concentrations were much lower than observed in other studies. He also identified a similar small increase, with a longer time lag, for hospital admissions.
Hospitalization of patients for asthma has been found to be elevated by 7% on days following high ozone with lags of 24 to 48 hr in Ontario, Canada (34) . Larger increases in hospitalization, 29 and 23%, were identified in data collected in Buffalo, New York, and New York, New York, respectively, which have higher ozone levels than Canada (28) . In these two studies, temperature, auto correlations, and day of week effects were removed via regression analysis. Ponkd (25) identified a correlation between ozone concentration and ED visit and hospital admission, but the increase between two stratified groups was not statistically significant, probably due to the relatively low ozone levels present, < 0.05 ppm.
The studies outlined in Table 4 that have been careful to control for temperature effects have generally established a statistically significant association between ambient ozone levels and adverse respiratory responses by asthmatics, when the levels of ozone have been sufficiently high. The common lower end cutoff is 0.06 ppm although one study observed effects at lower concentration (25) . This consistent trend is across diverse cities, often without control of numerous confounders that occur in epidemiological studies including: the lack of control or knowledge of medications used, possible adaptation by subjects to ozone's effect, the maximum ozone concentrations, and the number of days that ozone exceeded a level that effects occur, such as 0.06 ppm.
Conclusions
An increase in the number of the ED visits for asthma with increasing ambient ozone concentration has been identified in central New Jersey for 5 consecutive years, [1986] [1987] [1988] [1989] [1990] . An estimated increase of 26% in the number of daily ED visits for asthma occurred for days when the ozone level was > 0.06 ppm, compared to days when it was < 0.06 ppm. An evaluation of the changes in percent morbidity reported for asthmatics for different health indices, as proposed by Bates (33) , presents a coherent picture that ozone does adversely affect asthmatics at levels that are below the current U.S. standard.
